Clavibacter michiganensis subsp. michiganensis (Cmm) is a quarantine organism in Europe and in many other countries. It is one of the most severe bacterial pathogens affecting tomato. Screening tomato plants for their resistance level to Cmm requires a large amount of space under quarantine conditions and is therefore costly. This project developed a new inoculation protocol on in vitro tomato plants to facilitate a more economic and higher throughput disease screening. A new method using the PathoScreen system was tested to localize green fluorescent protein-tagged Cmm in planta and to quantify the pathogen based on the percentage of corrected GFP (cGFP%). The system was sensitive in detecting the GFP-tagged Cmm in the shoots, but in the roots a high autofluorescence masked detection and thus sensitivity of the assay. The in vitro protocol was tested on several wild relatives of tomato, which were previously screened in a greenhouse assay. The correlation between wilt symptoms in vitro and wilt symptoms in the greenhouse was overall moderate (r = 0.6462). The protocol worked well in differentiating the two parents that were used in the mapping studies. This study shows that the in vitro protocol can be efficiently used for resistance breeding in many tomato genotypes.
Introduction
Clavibacter michiganensis subsp. michiganensis (Cmm) is a Gram-positive bacterium which causes wilting and canker in tomato (Solanum lycopersicum) (Davis et al., 1984) . It can decrease tomato production worldwide and leads to major economic losses. The severe consequences of an infection with Cmm and the ease with which it spreads means that it is listed under the EPPO A2, which defines it as a quarantine pest present in the European and Mediterranean region but not commonly dispersed, and is regularly administrated (EPPO, 2016) . Cmm can enter the host plant via roots, natural openings and wounds (Chang, 1991) . Contaminated seeds and infected plant debris in the soil are the main sources of infection (Strider, 1969; de Le on et al., 2009) . The symptoms of the bacterial infection depend on several factors: infection pathways, level of resistance of the host, plant age at infection, bacterial density and the physiology of the tomato plant (Gleason et al., 1993; Sharabani et al., 2013) . The common symptom caused by Cmm in infected plants is wilting; other symptoms can be stem canker, firing of the foliage, discolouration of the vascular bundles, adventitious root formation on stems, bacterial sludge from infected parts and bird's eye spots on fruits (Strider, 1969; Gartemann et al., 2003) . Measures used to control Cmm so far are production of pathogenfree seed and good agricultural practices. The use of biocontrol agents might be an alternative approach to manage the pathogen in the future, but the application in the field has not been used so far (Barda et al., 2015) . Another effective way to combat Cmm outbreaks will be the development of resistant cultivars. No commercial tomato varieties are known that prevent Cmm symptoms, even though related wild crossable relatives have been identified without symptoms after infection with Cmm. Examples are Solanum pimpinellifolium (Thyr, 1976; Sen et al., 2013) , Solanum habrochaites (Vulkova & Sotirova, 1993; Francis et al., 2001) , S. lycopersicum (Elenkov, 1965) and Solanum arcanum (Lindhout & Purimahua, 1987; Vulkova & Sotirova, 1993) . To broaden the genetic variation of cultivated varieties, parts of the genome of wild tomatoes can be introgressed (Haggard et al., 2015) . Previous studies have shown that the best source of tolerance is S. arcanum LA2157 (van Heusden et al., 1999) .
To pinpoint the chromosomal region and to identify underlying genes that are responsible for the resistance/ tolerance it is necessary to test the interaction between the pathogen and the host in bigger populations. However, the strict laws on quarantine organisms in Europe make this very expensive and this hinders the progress of the work. After the plants have been infected they must be grown in small and expensive greenhouse compartments in a special quarantine section. van den Bulk et al. (1991) have tested different tomato genotypes in the greenhouse with different inoculation methods to find the best protocol for greenhouse screening. However, currently greenhouse screening is costly for big populations. The aim of this research was to develop a new screening method in vitro to make high-throughput screenings possible.
In vitro methods for determining the level of resistance have been developed in several crops (Svabova et al., 2005) . This has been done on plant parts (Borras et al., 2001) , on callus cultures (Mangal & Sharma, 2002) or on protoplasts (Nyange et al., 1997) . For tomato, an in vitro inoculation with Cmm on tomato has been done on cells (Kraemer et al., 1988) , callus (Sotirova et al., 1999) and seedlings (Lelis et al., 2014) . Those studies showed an interaction between the pathogen and plant, and the development of the disease symptoms without the presence of other microorganisms. Disease symptoms, such as wilting, could be clearly seen 6 days postinoculation (dpi). Other symptoms (yellowing of lower leaves, followed by black spots, decay of the petiole, canker) that were seen in the greenhouse assay were also observed in the in vitro inoculated plants (Lelis et al., 2014) .
In this study, different tomato genotypes were tested with different inoculation methods for optimizing an in vitro protocol. The PathoScreen assay was used to detect the localization of the green fluorescent proteintagged pathogen in planta and to quantify the bacteria (Lelis et al., 2014) .
Materials and methods

Growth of in vitro plants
The susceptible S. lycopersicum 'Moneymaker' and the highly tolerant S. arcanum LA2157 were used for developing an in vitro protocol. The seeds were sterilized in 70% ethanol for 2 min, 1% NaOCl (Sigma) for 20 min and washed with sterile water for 5 min. Seeds were sown on a germination medium 
Inoculation of in vitro plants
The GFP-tagged, virulent Cmm strain IPO3525, kanamycin and rifampicin resistant, was used for inoculation (Lelis et al., 2014) . Two different plant stages were tested (the second and fourth leaf stage) and two types of inoculation methods (direct or indirect inoculation). Direct inoculation was done by cutting the first leaf using sterile scissors dipped into 10 7 colonyforming units (cfu) mL À1 bacterial suspension and the indirect inoculation was done by drop inoculating 100 lL of 10 7 cfu mL À1 bacterial suspension at the interspace between stem base and agar medium. Three plants were used for each treatment with untreated plants as controls. The in vitro plantlets were collected at several time points (3, 7, 14, 21, 28 and 35 dpi) . Wilting symptoms were recorded based on the following scale: 0 = no symptoms; 1 = 0-25% leaf wilting; 2 = 26-50% leaf wilting; 3 = 51-75% leaf wilting; 4 = 76-100% leaf wilting; 5 = dead plants (Fig. 1) .
The in vitro inoculation method was also tested on 12 wild relatives of tomato (each with 10 plantlets). These genotypes were previously tested in a greenhouse assay (Sen et al., 2013) . The wild relatives were inoculated using the direct inoculation method at the 4-leaf stage. Wilting symptoms were recorded every week up to 28 dpi. The symptom scoring was based on the scale above.
Localization in planta and quantification of bacteria of in vitro grown plants
The population densities of the bacteria between the different variables in planta were measured by collecting samples of the treated and untreated plants on 0, 3, 7, 14, 21, 28 and 35 dpi. The roots and shoots (stems and leaves) were removed from the medium, and sterilized with 70% ethanol. The plant parts were blotted dry and placed onto Petri dishes (120 9 120 mm) and images were taken using PathoScreen (PhenoVation B.V.).
The plant parts were then placed in extraction bags (BIO-REBA), macerated with a hammer, homogenized in Ringer's buffer (2 mL per g of tissue) and analysed by dilution plating. Dilution plating was done by diluting six 10-fold serial dilutions of the 10 lL macerated suspension onto 60 9 15 mm Petri dishes containing TBY medium (10 g L À1 tryptone, 5 g L À1 yeast extract, 5 g L À1 NaCl, pH 7.5 and 15 g L À1 agar) with a final concentration of kanamycin (50 lg mL
À1
) and rifampicin (25 lg mL
). Plates were incubated at 28°C for 4 days. The number of GFP-positive bacterial colonies was determined using epifluorescence stereomicroscopy.
PathoScreen and statistical analysis
Localization of GFP-tagged bacteria in the shoots was determined using the PathoScreen seed data analysis software v. 2.4.1. Images of the plants were captured, the region without the presence of chlorophyll was masked, the Cmm-GFP signal in the images of the inoculated plants was normalized against the images of untreated plants, and the percentage of the corrected GFP (cGFP%) signal was determined by the number of pixels detected in a normalized image. The correlation between the in vitro symptom scoring and cGFP% was calculated. To determine the difference between the disease index with the age of plants at the time of inoculation (2-vs 4-leaf stage) and inoculation methods (direct versus indirect), the variables were analysed by doing a two-way ANOVA analysis using the SPSS v. 23.0 software (SPSS Inc.). The difference between the symptom score and Plant Pathology (2019) 68, 42-48 the two variables was also determined with the same analysis. Data of the cfu number were transformed to log 10 after adding a value of 1. Effects were significant at P ≤ 0.05. Symptom scoring data of each wild tomato genotype was averaged to determine the correlation of the wilting symptoms of the in vitro infected plants and the greenhouse infected plants.
Results
In vitro inoculation on S. lycopersicum 'Moneymaker' and S. arcanum LA2157 For optimizing the in vitro assay, an indirect and a direct inoculation were compared. Additionally, two different plant ages were tested, with inoculation carried out on plants at the 2-leaf and 4-leaf stage.
The first symptoms on the susceptible genotype Moneymaker became visible 14 dpi. The symptoms were: (i) yellowing of the lower leaves followed by unilateral wilting, (ii) black spots on the leaves, (iii) necrosis of the midribs and veins, (iv) development of adventitious roots, and (v) stem canker. LA2157 did not show any disease symptoms at 14 dpi. Later, at 21 dpi, mild wilting symptoms were observed on LA2157 but without stem canker development.
On Moneymaker, clearer leaf wilting and also stem cankers were observed after the direct inoculation (cutting first leaves with Cmm-infected scissors; Fig. 2c ,e) compared to the indirect inoculation (Fig. 2g,i) . Indirect inoculation at the 2-leaf stage of Moneymaker resulted in a wilting score of 1 (Fig. 2g) , which cannot be explained as the density of Cmm in the plant is as high as in the directly inoculated Moneymaker with wilting score 5 (Table 1; Fig. 2c ). It is concluded that indirect inoculation is not an optimal method to detect wilting symptoms, especially when inoculated at the 2-leaf stage.
The wilting symptoms at 35 dpi were less severe in S. arcanum LA2157 (Table 1 ; Fig. 2d ,f,h,j). Ultimately, the direct inoculation method at the 2-leaf stage resulted in stunted LA2157 plants (Fig. 2d ) and dead Moneymaker plants (Fig. 2c) . These results confirm that LA2157 is more tolerant than Moneymaker. The untreated plants of both genotypes did not show any symptoms (Fig. 2a,b) .
Based on a two-way ANOVA analysis, the symptom score was significantly different between the two inoculation methods but was not dependent on plant age (P ≤ 0.05).
In vitro inoculation of tomato wild relatives
For comparing the in vitro and greenhouse screenings (Sen et al., 2013) , 12 wild species of tomato and Moneymaker were used. A direct inoculation was done because the wilting symptoms are more obvious and more uniform and this method is more similar to the greenhouse testing procedure. In vitro symptom scoring was done on 7, 14, 21 and 28 dpi. At 7 dpi, all plants were still symptomless, and wilting started at 14 dpi. A significant difference between genotypes was observed at 14, 21 and 28 dpi (P < 0.001 at all time points). At 14 dpi, some Moneymaker and S. neorickii LA1045 plants developed stem canker. Solanum cheesmanii LA1409 and S. cheesmanii LA0166 showed more severe wilting than Moneymaker at 14 and 21 dpi (Fig. S1 ). An overall correlation of 0.6462 was found between the wilting scores in the greenhouse and the in vitro conditions (Fig. S2) . The somewhat moderate correlation was due to two genotypes with very contrasting scores under the two conditions: Solanum habrochaites LYC4 and S. pennellii LA716. Under the greenhouse conditions S. habrochaites LYC4 and S. pennellii LA716 were susceptible (score 5), The different inoculation methods used. Direct inoculation = cutting the leaves with scissors dipped into 10 7 colony-forming units (cfu) mL À1 bacterial suspension. Indirect inoculation = drop inoculating 100 lL of 10 7 cfu mL À1 bacterial suspension at the interspace between stem base and agar medium. c Disease index was determined by averaging the symptom score of each treatment (n = 3). 0 = no symptoms; 1 = 0-25% leaf wilting; 2 = 26-50% leaf wilting; 3 = 51-75% leaf wilting; 4 = 76-100% leaf wilting; 5 = dead plants. From the two-way ANOVA analysis, the symptom score was significantly different between the two inoculation methods but was not dependent on plant age (P ≤ 0.05). d From the two-way ANOVA analysis, the bacterial titre (log cfu g À1 + 1) was significantly different between the two inoculation methods and the plant age (P ≤ 0.05).
Plant Pathology (2019) 68, 42-48 but in vitro they were tolerant (score 1 and 2, respectively). Infected wild relatives were examined with PathoScreen and dilution plated to determine the in planta colonization and bacterial titre. A strong GFP signal was detected in the plants with severe wilting symptoms. No GFP signal was detected on symptomless and control plants. The bacterial titre based on dilution plating (14, 21 and 28 dpi) showed a highly significant difference between genotypes (P < 0.001; Fig. S1) . Surprisingly, S. arcanum LA385, S. arcanum PI127829, S. habrochaites LYC4 and S. arcanum LA2157 had low wilting scores and yet still contained high bacterial titres (Fig. S3) .
Population dynamics of Cmm in the in vitro inoculated plants
The population dynamics of Cmm was examined in the roots and shoots (stems and leaves). The bacterial titre in the plant tissue was related to the timing of the inoculation and which inoculation method was used. The direct inoculation resulted in higher concentrations of Cmm in shoots and roots of the plants initially, compared to the indirect inoculation. Thirty-five days after direct inoculation at the 2-leaf stage, there was hardly any difference in the bacterial titre of Moneymaker and S. arcanum LA2157 in the shoots and roots. However, there was a higher bacterial titre in Moneymaker than in S. arcanum LA2157 at the 4-leaf stage inoculation (Table 1) . A similar trend was observed after the indirect inoculation. Here, a higher concentration of Cmm was detected at the 2-leaf stage inoculation compared to the 4-leaf stage inoculation in both genotypes. At the 4-leaf stage inoculation at 35 dpi, there was a higher Cmm concentration in the shoots of Moneymaker than in S. arcanum LA2157 ( Table 1) . The indirect inoculation resulted in a higher variation of the bacterial titre throughout the experiment.
Based on the two-way ANOVA analysis, the bacterial titre (log cfu g À1 + 1) was significantly different between the two inoculation methods and the plant age (P ≤ 0.05).
In planta colonization
The PathoScreen analysis showed the colonization of the GFP-tagged Cmm in planta (Fig. 2) . Bacterial signals were detected in planta as early as 21 dpi with direct inoculation at the 2-leaf stage in both genotypes. The Cmm titre did not correlate with wilting and in planta colonization. The corrected GFP normalized against untreated plants (cGFP%) had a low correlation (r = 0.225) with log (cfu g À1 + 1). The wilting symptoms were more severe in Moneymaker than in S. arcanum LA2157, but their bacterial titres were almost equal (2-leaf stage inoculation) ( Fig. 2; Table 1 ), and surprisingly the GFP signal was hardly detected in S. arcanum LA2157 (Fig. 2d,h ) compared to Moneymaker (Fig. 2c,g ).
At 35 dpi, a strong GFP signal was detected in different parts of Moneymaker such as the stem, petiole, midvein and lateral vein (Fig. 2c,e,g ), but the translocation was less in S. arcanum LA2157 and the pathogen was detected only in the stem (Fig. 2d,h) . No GFP signal could be detected at the 4-leaf stage inoculation of the indirect inoculated Moneymaker and S. arcanum LA2157 (Fig. 2i,j) , and direct inoculated S. arcanum LA2157 (Fig. 2f) .
PathoScreen could not be used to detect the presence of Cmm in the roots as it could not efficiently differentiate between the autofluorescence present in the roots and the Cmm GFP signal.
Discussion
Here, an in vitro protocol was developed to evaluate disease symptoms of Cmm in tomato. Two types of variables were tested: inoculation method and plant age. Both direct and indirect inoculation methods resulted in the presence of bacteria and wilting in the plants and the bacterial titre was relatively similar. The indirect inoculation method resulted in less visible wilt symptoms and very variable bacterial titres. Other studies have already indicated that a root inoculation method is undesirable due to the disparity with wilt symptoms (Forster & Echandi, 1973) . The plant age also affects wilting; the best plant age for the in vitro inoculation was the 4-leaf stage. An inoculation at this stage makes it easy to differentiate the severity of wilting. The age of the plants plays an important role in disease development (Sharabani et al., 2013) . Younger plants are more susceptible to Cmm compared to older plants. Inoculation done on older plants (older than 16-leaf stage) does not result in wilt symptoms, and inoculation on young plants may result in early plant death (Sharabani et al., 2013) . In previous studies done in this group, inoculation done at the 4-leaf stage could more distinctly differentiate between the partially resistant genotype Irat L-3 and the susceptible genotype Moneymaker than inoculation done at the 2-leaf stage (van den Bulk et al., 1991) . The result is similar to the results obtained in the in vitro screening here. Thus in this system, the best inoculation procedure is a direct inoculation at the 4-leaf stage of the plant. This inoculation procedure resulted in less variation in wilting severity within a genotype, but in clear differences between susceptible and highly tolerant genotypes.
In agreement with an earlier study tested only on Moneymaker (Lelis et al., 2014) , the disease symptoms also developed faster in the in vitro grown wild relatives. Some variation in the severity of wilting was found between individual plants of a genotype. The variation could be due to the fact that some genotypes are heterogeneous. Because many of the wild genotypes are selfincompatible, genetic differences can exist within a genotype (Grandillo et al., 2011) . The highly tolerant genotypes from the in vitro screening contained considerable amounts of bacteria even when symptom scores were low (Fig. S3) . This is similar to that observed by Plant Pathology (2019) 68, 42-48 Sen et al. (2013) . What causes the wild relatives to be highly tolerant is still unknown. It could be that tomato wild relatives are non-hosts to Cmm (Niks & Marcel, 2009) or the metabolic compounds in some wild relatives could inhibit the virulence of Cmm (Shinde et al., 2017) . It is alarming when these tolerant and symptomless plants are grown in the field or greenhouse. They could be the source of disease dispersion on the production site, which causes many susceptible plants to severely wilt and wither (Kawaguchi et al., 2010) .
The correlation between the symptoms of the in vitro screening with the greenhouse had high conflicting results between the greenhouse score and the in vitro score (S. habrochaites LYC4 and S. pennellii LA716). These genotypes were susceptible in the greenhouse (Sen et al., 2013) but were tolerant in the in vitro experiment here. It is hypothesized that the differences in environmental conditions during in vitro plant growth and in the glasshouse affected symptom development in these two genotypes more than in the other genotypes. This might be due to differences in the resistance mechanisms of the wild relatives. Alternatively, it could be that specific conditions during the in vitro screening might also change the metabolic pathways responsible for resistance to Cmm. Different metabolites may be synthesized after in vitro inoculation compared to greenhouse infection (Schauer et al., 2005) . Differences in environmental conditions may also make it more difficult to score the disease severity. For instance, humidity was high (100%) in the in vitro containers and moderately high (60%) in the greenhouse. Under 100% humidity, the S. pennellii in vitro plants were small and the growth was stunted, and on the small leaves it is difficult to score wilting severity reliably. Solanum habrochaites originates from humid environments (Grandillo et al., 2011) , and so the lower humidity in the greenhouse might result in stress and a relatively high susceptibility (Sen et al., 2013) . In general the in vitro inoculations worked well on most wild relatives. The difference between the two parental lines of the mapping population (Moneymaker and S. arcanum LA2157) was very clear. This makes the in vitro method very suitable for screening recombinants and fine mapping in progeny of these two plants.
The PathoScreen system was used to detect and quantify the GFP-tagged Cmm in planta. This system captures high quality images and quantifies GFP-tagged pathogens based on the pixel number. The PathoScreen system is more sensitive and convenient than the epifluorescence stereomicroscope (ESM). It detected the pathogen in planta as early as 21 dpi without the alternative approach of enriching the samples. Using ESM or confocal laser scanning microscopy (CLSM), an incubation of plant tissue for 24-48 h under selective conditions for pathogen growth is required to visualize the bacteria (Lelis et al., 2014) . Another advantage of the Patho Screen system is that the pathogen is visualized in the complete in vitro plant instead of visualization in different small parts of the plant (Tancos et al., 2013; Lelis et al., 2014) . A disadvantage is that with PathoScreen the GFP-tagged pathogen cannot be visualized in the roots, due to the high autofluorescence in the roots. To visualize the GFP-tagged pathogen in planta, PathoScreen, like ESM and CLSM, requires a high bacterial titre of at least 10 12 cfu mL À1 of GFP-tagged Cmm. However, the PathoScreen system is so far the most sensitive and convenient method to detect a bacterial GFP signal. The sensitivity and convenience make the system suitable for detecting GFP-tagged phytopathogens.
In vitro inoculation is a new approach to screen large populations for resistance levels. This technique has previously been used to screen for resistance and to develop new breeding lines (Evans, 1986) . Tomato callus was screened with Cmm to identify resistant regenerants (van den Bulk et al., 1991; Zagorska et al., 2004) . However, disease screening using callus is not efficient to screen existing tomato genotypes; it is more time-effective to use plantlets from seeds for in vitro inoculation (Flores et al., 2012) .
In conclusion, the in vitro inoculation method allows mass screening of many tomato genotypes in an efficient way against a quarantine organism like Cmm. Less space, time and costs are needed for the disease screening. This work showed that the wilting with the in vitro inoculation was similar to the wilt symptoms in a greenhouse assay with only a few exceptions of specific wild relatives. Hence, the protocol could be successfully used to replace greenhouse screenings. This in vitro inoculation and screening method will be used to fine map a quantitative trait locus originating from S. arcanum LA2157 known to harbour a tolerance factor against Cmm.
Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site. Figure S1 . Wilting symptom scores and bacterial titre of in vitro wild tomato genotypes at 14, 21 and 28 days post-inoculation. The bars represent the average symptom score of each genotype, vertical lines represent the standard error of the mean (n = 10). Figure S2 . Relationship between the wilting symptom scores in vitro and in the greenhouse (Sen et al., 2013) . Red circles indicate the genotypes with high conflicting scores between greenhouse and in vitro (Solanum habrochaites LYC4 and S. pennellii LA716). Figure S3 . Wilting symptom scores and bacterial titre of in vitro wild tomato genotypes at 28 days post-inoculation. The bars represent the average symptom score of each genotype, vertical lines represent the standard error of the mean (n = 10). Bacterial titre is represented by the black line.
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